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were  washed  3  times  with  PBS  and  1  time  with  PBS+0.2%TX‐100.  Cells  were  resuspended  in  80µl 
PBS+0.2%TX‐100 and staining with 1.5ul FITC‐phalloidin for 40min.  
    In LatA experiments, mid‐log cells were heat shocked and recovered as described  in main text. 

























































































Here  the  G()  term  is  the  traditional  correlation  function  from  fluorescence  correlation 
spectroscopy and describes the amplitude of the spatial correlation, but not  its spatial extent.  




If the spatial variance of the above equation  is denoted as  )(2   and the variance at  = 0  is 
denoted as  )0(2 , then the mean squared displacement is given as: 























5 seconds.   This value was chosen because  it  is small enough to prevent  large steps outside of the cell 
boundary but large enough to allow reasonable simulation time (2000 minutes).  Diffusion steps occurring 
outside of the spheres were reflected back into the spheres.  The barrier between mother and bud was 










Simulations of  random diffusion  for alpha value distribution analysis and  individual  trajectory 
visualization were  performed  similarly  to  those  described  above.   Here  particle  displacements were 
restricted  to  two  dimensions  for  consistency  with  the  projected  2D  tracking  that  was  performed 
experimentally.  Experimental trajectories are observed for a variable length of time, either due to loss of 



























by an union of two intersecting spheres of the radii  1R  of mother cell and  2R  of the bud, where  21 > RR . 
For simplicity assume that at  0=t  all aggregates concentrated in the mother cell and the bud is clean of 










where  D  denotes the diffusion coefficient and   is the Laplacian second order differential operator that 
in  the  Cartesian  coordinates  reads  222222 ///= zyx  .  Assume  that  the mother‐bud  axis 
coincides with  the  x  axis,  and  the  center  of  the mother  compartment  is  in  the  origin.  The  region 
corresponding to the mother compartment is defined as  1|<| Rr , the corresponding region for the bud 
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compartment  reads  220 |<| RRr  ,  where  ,0,0}{= 2120  RRR ;  here  the  maximal  size  of  the 
overlapping regions   determines the neck size  )/(4 21
2
1 RRRd   . The boundary conditions assume 
no flux of concentration at the cell membrane and reads  0=Cn  , where n  denotes the normal to the 
boundary and  C  is the concentration gradient. 















that should be solved in the region   211 2RRxR  subject to the boundary and initial conditions   


















































































































































          Retention of Particles  in  the Mother Compartment.   Having  the exact  (S7) and approximate  (S8) 
solution in analytical form we compute the fraction of particles retained in the mother compartment as a 
function  of  time. Using  the  assumption  that  3D  distribution  ),,,( tzyxC  is  approximated  by  the  1D 






Lm    (S9) 
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where  r  denotes the radius of the circular cross section orthogonal to the mother‐bud axis at position  x . 
The square of the radius is found from geometry as  )(= 1
2 Lxxr  . The initial particle number  (0)mN  
equals  to  the mother  compartment  volume  /6=(0) 31LNm  .  The  fraction  f  of  the mother  retained 



































    (S11) 




















equals to  =minf  and it is reached at equilibration time  t  roughly estimated as   DLLt /)(= 221  . 







             We analyzed the data on fraction  f  dynamics for the WT yeast cells and found the value 0.8=f  
at the time scale of 90 min.  The estimate of the diffusion coefficient D  based on the aggregates trajectory 
analysis gives smD /100.1= 23   . The characteristic cell size is in the range mRR 108=)2( 21  . 
The estimate of complete relaxation time produces mint 600= . This means that the random walk motion 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































species  during  HS.  This  analysis  showed  that  the  diffusing  GFP‐Ubc9ts  species  remained monomeric 






















































































































































































































































































































































































































































































































































































































proteome.    Loss  of  protein  homeostasis  (proteostasis)  underlies  aging  and  the  progression  of 
neurodegenerative  diseases  characterized  by  the  deposition  of  protein  aggregates,  which  is  often 
accompanied  by mitochondrial  dysfunction.    Here we  show  that mitochondria  play  a  direct  role  in 
proteostasis  through  importing  and  degradation  of misfolded  cytosolic  proteins.    Protein  aggregates 
purified from the cytosol are comprised of both cytosolic proteins and proteins destined for mitochondria.  
The dissolution of protein aggregates in vivo requires mitochondrial import.  Surprisingly, in addition to 
importing mitochondrial proteins, misfolded  cytosolic proteins were  also  imported  into mitochondria 
under both physiological and stress conditions.  Import of aggregated proteins under stress is facilitated 







the  protein‐aggregation  diseases,  such  as  Alzheimers,  Amyotrophic  Lateral  Sclerosis  (ALS),  and 
Huntington’s disease, are also linked with mitochondrial dysfunction. It remains unclear whether and how 
these major  disease manifestations may  be  linked.    It  is  a  common  belief  that  the  accumulation  of 
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To  further  investigate  the  dynamics  of  aggregated  proteins  during  cellular  proteostasis,  we 
developed  an  affinity‐based  method,  using  GFP  and  Flag‐tagged  luciferase  (Luci‐GFP‐3xFlag),  an 
aggregation substrate due  its  inefficient  folding  in yeast,  to purify protein aggregates with  the goal of 
identifying  their  components  by  mass  spectrometry.    After  a  procedure  involving  sucrose‐gradient 
fractionation of cytosolic extracts followed by anti‐Flag affinity pull‐down (Fig.6‐1), proteins associated 
with  aggregates  were  identified  by  using  quantitative  Multi‐Dimensional  Protein  Identification 
Technology (MudPIT) comparing the experimental strain with the control lacking the Flag tag.   330 specific 
proteins were  significantly enriched  in aggregates  formed after heat  shock at 42  oC  for 30 min.   This 
analysis was applied to aggregates purified from cells with  increasing time of heat shock and revealed 
that  >  90%  aggregated  proteins  were  shared  chronologically  (Fig.  6‐2D).  This  suggests  that  the 




















recovery compare  to  the wild‐type strain  (Fig. 6‐3C).    In  fact,  tim23ts cells had normal or even higher 



















protein  in  the  aggregates  allowed  us  to  investigate whether  the  formation  of mitochondrial‐bound 
aggregates also facilitate the import of non‐mitochondrial proteins.  We employed the split GFP system 
where the polypeptide containing the first 10  strands of GFP (GFP1‐10) was targeted to mitochondria 
through  linkage with a mitochondrial matrix‐targeting peptide  (MTS), while  the 11th   strand of GFP 
(GFP11) was linked with an aggregate protein (Fig.6‐5A).  Of note, mCherry was also included in the first 




with  GFP11  showed  very  limited  mitochondria  GFP  signal;  however,  they  gained  access  to  the 
mitochondrial matrix, as  indicated by the  increase of GFP fluorescence, after stress  in a mitochondrial 
import  dependent  manner  as  CCCP  treatment  abolished  this  effect  (Fig.6‐6).    To  investigate  the 





CHX  treatment  during  heat  shock,  which  inhibits  aggregate  formation,  blocked  the  stress‐induced 
mitochondrial  translocation of misfolded proteins  (fig. 6‐6B).   The aggregate‐mitochondria association 
was  also  critical  for  the  import  of  aggregated  non‐mitochondrial  proteins  as  demonstrated  by  the 
reduction of split GFP signal in the Δfis1 cells, where the aggregate‐mitochondria association was partially 
disrupted (Fig.6‐8A).  
 The  split  GFP  signal  of  the  aggregation  substrates  gradually  disappeared  in  a  time  course 
consistent with  the dissolution of  cytosolic  aggregate  (Fig.6‐6).    These observations  suggest  that  the 
aggregation  substrates  imported  into mitochondria are gradually degraded.   To  further elucidate  this 


















and  double  (DM) mutations,  respectively.    Some  split GFP  signal was  found  for  all  three  proteins  in 
mitochondria  in normally growing cells, but  the amount of  signal  increased with  increasing  structural 













the proteasome  systems,  such  that  the  formation of proteins  aggregates  captured on  the  surface of 
mitochondria facilitates the import of aggregated polypeptides into mitochondria to enable degradation 
by mitochondrial proteases.   Our findings provide a potential explanation for the  link between protein 
aggregation and mitochondrial defects  in degenerative diseases.   The gradual decline  in mitochondrial 
activity in aging or disease could lead to loss of membrane potential, or import or degradation capacity, 
which  would  impede  proteostasis  in  the  cytosol  leading  to  accumulation  of  protein  aggregates.  






































































































































































My thesis studies started with the aim to answer how the asymmetric segregation of 
proteome damages is achieved in budding yeast. The results described above reveal a 
sophisticated mechanism involving, but not restricted to, cellular geometry, organelle-based 
confinement and features of aggregate motility that together keep the protein aggregates from 
entering the growing daughter cells. These results also establish a new framework for aggregate 
formation and dissolution in vivo: 1) nascent translation products play a key role in initiating the 
sites for protein aggregation, which happens on the surface of mitochondria and ER; 2) the 
association of aggregates on the surface of mitochondria facilitates the mitochondrial import and 
degradation of cytosolic proteins that misfolded and trapped in the aggregates. It is known that 
newly translated polypeptides suffer a prolonged period of sensitivity to stress and environmental 
changes (Medicherla and Goldberg, 2008), and their high local concentration near sites of 
protein synthesis could favor aggregate initiation. Since mitochondrial import and the 
downstream protease mediated degradation are evolutionary conserved mitochondrial functions, 
thus the new role of mitochondria in cytosolic proteostasis seems to be a conserved mechanism. 
Indeed, our lab recent found that instable cytosolic proteins were imported by mitochondria 
similar to the phenomenon discovered in yeast.  
Proteome damages contribute to both aging and many neurodegenerative diseases as 
described in the introduction. Cells have evolved a sophisticated network of proteostasis to 
counteract the proteome damages caused by intrinsic metabolism and environmental insults. 
When the accumulation of damaged proteins exceeds the capacity of quality control system, 
aggregation of misfolded proteins serves to minimize the aberrant interactions between these 
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malignant species and metastable hub proteins that are essential for survival(Olzscha et al., 
2011). The aggregates not only concentrate the misfolded proteins, but also compete with newly 
translated peptides for chaperones. This could be deleterious for the growing daughter cells as 
the active assembly of cellular structures, such as clathrin-based endocytosis, are sensitive to the 
cytosolic chaperones activities. The slow motility of aggregates and special cellular geometry, 
together with the organelle-based confinement, largely restrict the probability of leaking 
aggregate. This could be part of the rejuvenation process underneath the observed asymmetric 
segregation of aging between mother and daughter cells. Although the cellular geometry is 
specific to budding yeast, the organelle-based anchoring is universal for protein aggregates as in 
animal cells where the small aggregates are transported along microtubules to form aggresome at 
MTOC. The aggresome is entangled with mitochondria under electron microscope. The 
mitochondria and ER from mother cells are restricted from entering daughter cell (Clay et al., 
2014; Zhou et al., 2014). Recently, the asymmetric segregation of mitochondria between sibling 
cells was also found in stem cells (Katajisto et al., 2015). In both yeast and stem cells, the 
daughter cells that maintain youth or stemness usually inherit mitochondria that are overall 
“fitter” than their sibling cells (McFaline-Figueroa et al., 2011). Therefore it will be important to 
learn how the asymmetric segregation of different organelles are coupled.  
Protein aggregation was thought as a spontaneous process driving by the increased 
concentration of misfolded proteins in a crowd cytosol. This conclusion was reached, similar to 
the Anfinsen’s dogma, mainly based on the in vitro aggregation of purified model proteins, such 
as luciferase and GFP. The crowd effect in cytosol not only predisposes proteins to aggregate, 
but was also co-evolved by the increased strength of protein folding through molecular 
interactions that strongly augment the energy barrier between folding states. This principle has 
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been revealed by the in vitro biochemical studies that, in addition to intra-protein interactions, 
agents that discriminately bind to proteins in their folded states (such as proteins’ physiological 
ligands) could also prevent misfolding and aggregation by increasing the energetic barrier 
between the native and misfolded states (Carpenter et al., 1999). The opposite effect is expected 
with agents (such as surfactant) having higher affinity to misfolded states.  In the cytosol, each 
protein interacts with a multitude of functional partners, which helps stabilize protein’s native 
states and possibly explains the low likelihood for aggregation, whereas in protein aggregates the 
misfolded state is favored and stabilized through interaction with other misfolded proteins. Such 
opposite stabilizing effects on native vs misfolded conformers could drive protein aggregation to 
proceed like phase separation seeded by newly translated polypeptides enriched near translation 
sites. Molecular chaperone refers to the proteins that transiently interact but are not a part of the 
end product of protein complex. This concept also describes the general feature of a functional 
proteome where molecular interaction is prevailing between proteins, RNA/DNA, lipid et al.  
The role of newly translated peptides in initiating aggregation could also be a general 
principle for not only the amorphous aggregates formed under stress conditions, but also the 
stable amyloid aggregates and prions that propagate in devastating diseases. Given the flexibility 
of newly translated peptides, which lack the energy barriers conferred by native folding and 
molecular interactions, it is highly possible that the amyloid/prion conversion is achieved on the 
newly translated peptides before they reach the alternative folding states. This is consistent with 
the observation that overexpression of amyloid precursors can increase the spontaneous prion 
conversion in budding yeast.  
The formation of proteins aggregates on the surface of organelles connects the biology 
behind aggregates and organelles together. The asymmetric segregation of aggregates and 
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mitochondria as well as the mitochondrial import mediated cytosolic proteostasis (mito-stasis) 
are two small pieces of the entire picture awaiting to be unveiled in the future. My on-going 
works also begin to reveal the molecular mechanism that mediates the aggregate-mitochondria 
association. Consistent with a role of mitochondrial import in aggregate dissolution, the 
mitochondrial import receptor Tom70 and Tom20 seem to anchor aggregates on the surface of 
mitochondria. These findings provide a potential explanation for the link between protein 
aggregation and mitochondrial defects in degenerative diseases. The gradual accumulation of 
proteomic damages and the decline in mitochondrial fitness in aging or disease could in fact 
coexist, forming a positive feedback loop to precipitate a stable disease state and continual 
degeneration. Future work will reveal whether proteostasis or mitochondrial defect starts this 
degenerative cycle. 
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